and not only to particular subgroups of primate species. In contrast, the allometric rules relating body and brain size are highly sensitive to the particular species sampled, suggesting that brain size is neither determined by body size nor together with it, but is rather only loosely correlated with body size.
Introduction
What are the rules and constraints that apply to how nature builds mammalian brains of different sizes? Until recently, studies of brain allometry were based solely on analyses of volume and surface relationships [Stephan et al., 1981; Frahm et al., 1982; Finlay and Darlington, 1995; Barton and Harvey, 2000; de Winter and Oxnard, 2001; Clark et al., 2001; Barton, 2002; Sultan, 2002] and variations in cell densities and glia/neuron ratios [Tower and Elliot, 1952; Haug, 1987; Stolzenburg et al., 1989] , often across species belonging to different orders. Those studies led to the general view that larger mammalian brains are composed of relatively large cerebral cortices; a cerebellum of constant relative size [Stephan et al., 1981; Clark et al., 2001] ; larger neurons, resulting in lesser neuronal densities; and increasing glia/neuron ratios [Tower and Elliot, 1952; Haug, 1987; Stolzenburg et al., 1989; Marino, 2006] .
Applying a novel method developed by our group that allows for the fast and reliable estimation of numbers of neuronal and non-neuronal cells in any dissectable structure, the isotropic fractionator [Herculano-Houzel and Lent, 2005] , we have been able to determine the cellular scaling rules that apply to the brains of members of 3 mammalian orders -rodents, primates and insectivores (Eulipotyphla) -and show that they differ markedly. Briefly, rodent brain structures increase in size as a function of their numbers of neurons raised to large powers (1.8, 1.4 and 1.8 for cerebral cortex, cerebellum and the remaining areas, respectively), while neuronal densities decrease and average neuronal sizes and the non-neuronal/neuronal cell ratios increase [Herculano-Houzel et al., 2006] . Rodents, therefore, seem to conform to the general rules obtained from a combination of mammals from several orders [Haug, 1987] . In contrast, primate brain structures increase in size as linear functions of their numbers of neurons, with insignificant changes in neuronal density, average neuronal size, and non-neuronal/neuronal cell ratios [Herculano-Houzel et al., 2007] . The human brain, recently estimated to contain on average 86 billion neurons and 85 billion non-neuronal cells, conforms in its cellular composition to the scaling rules found to apply to primate brains [Azevedo et al., 2009] . In Eulipotyphla, on the other hand, the cerebellum increases linearly in mass with its number of neurons, as in primates, while the mass of the cerebral cortex scales hypermetrically with its number of neurons, as in rodents [Sarko et al., 2009] .
While rodent brain size in our study increased as a power function of body size with an exponent close to 3/4, in line with previous findings across mammalian orders that set that exponent at either 2/3 or 3/4 [Martin, 1981; Fox and Wilczynski, 1986] , we found that, for our sample of 6 primate species, which included prosimians and New and Old World monkeys, brain size increased linearly with body size, contradicting previous analyses with different samples of primate species that included great apes [Jerison, 1973; Marino, 1998 ]. While the human brain was considered by these authors to be 5-7 times larger than expected given human body size, we found that, compared to the primate species in our sample, the human brain is about as large and has as many cells as expected for a primate of our body size [Azevedo et al., 2009] . As the precise allometric exponent relating brain size to body size depends on the choice of species, the discrepancy between our findings for humans as well as a set of 6 primate species and previous observations in the literature raises the issue of whether a similar dependence on the particular species investigated applies to the cellular scaling rules that we identified for the brain, or whether these rules apply to primates in general. Another related issue is whether the cellular scaling rules that apply to primate brains are affected once phylogeny is taken into consideration.
In order to address these issues, we extended our previous study by applying the same method, the isotropic fractionator, to estimate total numbers of neuronal and non-neuronal cells in the cerebral cortex, cerebellum and the rest of the brain and to determine how they scale across 5 other primate species ranging in brain size by a factor close to 100 times, a much larger range than investigated in the previous study, which examined primate species that varied in brain size by 11 times. We then investigate how the cellular scaling rules that apply to the primate brain are impacted by the addition of these 5 species as well as humans, and apply the analysis of independent contrasts to control for phylogenetic relatedness in the expanded dataset.
Materials and Methods

Animals
One mouse lemur ( Microcebus murinus , male), 1 Goeldi's marmoset ( Callimico goeldii , sex unknown), 1 long-tailed monkey ( Macaca fascicularis , sex unknown), 1 bonnet monkey ( Macaca radiata, male), and 2 baboons ( Papio cynocephalus, 1 male, 1 female) were analyzed. All animals were adults at the time of the experiments. The 2 macaque monkeys were obtained from colonies in the department of psychology at Vanderbilt University. The Goeldi's marmoset was obtained from the colony at the Centro de Primatologia at Belém, Pará (Brazil). The mouse lemur brain was acquired from the Duke University Lemur Center and the 2 baboon brains were acquired from the University of Washington Tissue Program. Since only 1 brain hemisphere was available for each animal, all data are expressed as twice the numbers obtained for those hemispheres. Because body weights were available only for the mouse lemur and the 2 baboons in our sample, we used average values published in the literature for the Goeldi's marmoset [Stephan et al., 1981] and the 2 macaque species [Burish et al., 2010] . Body weight for Saimiri , missing in the original study [Herculano-Houzel et al., 2007] , was taken from the accompanying paper [Burish et al., 2010] . Numbers of neurons in the grey matter of the cerebral cortex of the Callimico , M. fascicularis , M. radiata and Papio specimens analyzed here were reported previously as part of the cortical grey matter dataset in an earlier study [Herculano-Houzel et al., 2008; see below] . All veterinary care and procedures reported herein were performed according to the ethical standards of the Vanderbilt Institutional Animal Care and Use Committee.
Dissection
All animals, except the mouse lemur and baboons (which were obtained from the Duke Lemur Center and the University of Washington tissue program, respectively) were sacrificed by lethal injection of sodium pentobarbital, and perfused transcardially with 0.9% phosphate-buffered saline followed by 4% phosphate-buffered paraformaldehyde. Brains were removed from the skull after transecting the spinal cord at the level of the foramen magnum, weighed, and post-fixed for 2 weeks to 12 months by immersion in 4% phosphate-buffered paraformaldehyde. The cerebellum (Cb) was dissected by cutting the cerebellar peduncles at the surface of the brainstem. Since the Goeldi's marmoset cerebellum was only partially included in the dissection, this structure was eliminated from the analysis. Cerebral cortex (Cx) in all animals was defined as all cortical regions lateral to the olfactory tract, including hippocampus and piriform cortex, and dissected from each hemisphere by cutting the subcortical white matter (without the internal capsule) away from the underlying structures under a stereomicroscope in 2-mm coronal sections of the tissue, as described earlier [Herculano-Houzel et al., 2008] . The numbers of cells reported here are the combination of the numbers obtained for the grey and white matter separately. The olfactory bulb was not included in any brain. All other brain structures were pooled and processed together as 'rest of brain' (RoB).
Isotropic Fractionator
Total numbers of cells, neurons (N), and non-neuronal ('other', O) cells were estimated as described previously using the isotropic fractionator method [Herculano-Houzel and Lent, 2005] . Briefly, each dissected brain division is turned into an isotropic suspension of isolated nuclei of known, defined volume, kept homogeneous by agitation. The total number of nuclei in suspension -and therefore the total number of cells in the original tissue -is estimated by determining the density of nuclei in small aliquots stained with the fluorescent DNA marker DAPI (4-6-diamidino-2-phenylindole dihydrochloride) under the microscope. For each structure, at least 4 samples of the nuclear suspension are counted independently, in different chambers of the hemocytometer, to determine the number of nuclei/ml of the suspension. The reported values for total number of cells refer to the average nuclei/ml of the samples taken multiplied by the total volume of the suspension. This consistently yields a coefficient of variation of 0.10, and never more than 0.15, across samples for a same structure. Once the total cell number is known, the proportion of neurons is determined by immunocytochemical detection of neuronal nuclear antigen (NeuN), expressed in all nuclei of most neuronal cell types and not in non-neuronal cells [Mullen et al., 1992] . Estimates of the proportion of NeuN-positive nuclei are considered reliable since the coefficient of variation among animals of the same species is typically below 0.15. Numbers of nonneuronal cells are derived by subtraction.
Data Analysis
All statistical analyses and regressions were performed in PASW 18 (IBM, USA), using the average values obtained for each species. Correlations between variables were calculated using the Spearman correlation coefficient. If a significance criterion of p ! 0.05 was reached, regressions of the data to linear and power functions were calculated.
Phylogenetic Analysis
Phylogenetic independent contrasts were calculated to examine the scaling of the primate brain structures as a function of their cellular composition in the expanded dataset of 12 primate species, including humans, while controlling for effects of phylogenetic relatedness in the dataset [Felsenstein, 1985] . Standardized independent contrasts were calculated using the PDAP:PDTREE module of Mesquite software, version 2.7 [Maddison and Maddison, 2005] . Contrasts were calculated from both log-transformed and raw data, to evaluate how well they are described by power and linear functions, respectively. Phylogenetic relationships, shown in figure 1 , are based on Purvis [1995] and Murphy et al. [2001] . Branch lengths were transformed according to the method of Pagel [1992] , which assigns all branch lengths to 1 with the constraint that tips are contemporaneous. The reported values for the linear regressions of independent contrasts on log-transformed or raw data are least square regression (LSR) slope, r 2 and p value. Reduced major axis slopes are similar to the reported least square regression slopes.
Results
Across the 5 new primate species examined -Microcebus murinus, Callimico goeldii, M. fascicularis, M. radiata and Papio cynocephalus -body mass varies 133 times, from about 60 g in Microcebus to about 8,000 g in Papio and Macaca . Cortical mass varies between Microcebus and Papio , the smallest and largest species exam- ined, by a factor of 132 times; cerebellar mass varies by a factor of 35 times; and the mass of the remaining structures varies 34 times. The numbers of neurons in these structures vary proportionately by 129 times in the Cx, 35 times in the Cb, and 25 times in the remaining areas ( table 1 ). The percentage of neurons in the brain and the 3 subdivisions analyzed does not vary significantly with the mass of the structures (Spearman correlation, all values of p 1 0.8), and in all species but M. radiata , neurons comprise more than 50% of all brain cells ( table 1 ) .
Conformity to the Expected Cellular Composition
To examine whether the cellular composition of the brains of the present 5 primate species conforms to the rules identified previously for a different set of species, we first determined how the numbers of cells in each struc- which the cellular scaling rules for primate brains were obtained (average deviation from the expected: -0.04 8 10.47%). The average deviation for each species is not correlated to brain size (Spearman correlation coefficient -0.173, p = 0.612). In contrast, the cellular composition of the primate brains analyzed here is systematically larger than the expected for rodent brains of similar size (average deviation from the expected 114.67 8 79.74%; fig. 2 b) , and the larger the size of the primate brain, the larger the deviation from the expected for a generic rodent brain (Spearman correlation coefficient 0.918, p = 0.000). Although numbers of neuronal and other cells in the brain structures of M. fascicularis tend to be smaller than the values expected for a primate brain, similar trends are also found for some species in the previous sample: M. mulatta and Aotus tend to have larger numbers of neuronal and other cells in their brain structures than expected, while Cebus tends to have smaller numbers of neuronal and other cells than expected in its brain structures. Most importantly, numbers of cells in each structure typically depart from the expected by 8 20%, as shown by the filled intervals between the 25 and 75% percentiles in figure 2 . This finding indicates that the brains of the 5 present species, like those of humans [Azevedo et al., 2009] , conform to the cellular scaling rules described previously for 6 other primate species.
Cellular Scaling Rules
We next determined the cellular scaling rules that apply to the brains of the 5 present primate species. As observed for the previous set of 6 species, the mass of all structures analyzed -Cx, Cb and RoB -is found to vary as a function of their respective numbers of neuronal and non-neuronal cells in ways that can be described equally well as power laws with exponents of approximately 1.0, and as linear functions ( table 2 ). The only exception is that the mass of the remaining structures in the new sample fails to vary significantly as a power function of its number of neurons, although this relationship can still be described as a linear function.
Updated Cellular Scaling Rules
As a final step in examining whether the same cellular scaling rules apply to the previous and present sets of primate species, we determined the cellular scaling rules that apply to the combined dataset comprising all 12 available primate species, including humans, and calculated how the scaling is affected by phylogenetic relatedness. We find that the updated cellular scaling rules that apply to the Cx and Cb are linear and remain so even when phylogenetic independent contrasts are used, as were the rules determined for the previous sample. As shown in figure 3 , the mass of these structures varies coordinately with their numbers of neuronal ( fig. 3 a) and non-neuronal cells ( fig. 3 b) in ways that can be described equally well by power laws with exponents of approximately 1.0 and by linear functions ( table 3 ) . Additionally, power law exponents as well as the linear fits for the Cx and Cb are not significantly affected by the exclusion of humans from the extended dataset ( table 3 ) .
The cellular scaling rules that apply to RoB, however, are less clear. Although RoB mass in the expanded dataset is best explained (with the larger r 2 value) as a linear function of its number of neurons, and whether independent contrasts are used or not ( table 3 ), the power slope that relates M RoB to N RoB (see table 2 footnote for abbreviations) increases dramatically to about 1.4 (with or without humans) when phylogenetic relatedness is taken into account ( table 3 , right column). This suggests that rather than scaling in size linearly with its number of neurons as do the Cx and Cb, primate RoB may scale in size hypermetrically with its number of neurons, as does the rodent RoB.
In each structure, we find that neurons represent similar percentages of all cells across species ( table 1 ) , which fail to vary with structure mass ( fig. 4 ; Spearman correlation, all values of p 1 0.1), such that the O/N ratio (number of other cells/number of neurons) for each structure is relatively constant across species, not varying significantly with structure mass (Spearman correlation, all values of p 1 0.1).
Cx and RoB neuronal densities in the combined dataset covary respectively with structure mass (Spearman correlation, p = 0.045 and p = 0.017; fig. 5 a) , while Cb neuronal density does not (Spearman correlation, p = 0.417). However, as in the previous dataset, the power laws relating neuronal density and structure mass in the Cx and Cb fail to reach significance (p = 0.071 and 0.296, respectively), while neuronal density in the RoB decreases significantly with increasing structure mass raised to the power of -0.428 in the combined dataset (p = 0.005), although the power relationship corrected for phylogeny fails to reach significance (slope -0.318; p = 0.064). As seen before in the smaller dataset, non-neuronal densities in the various structures do not covary with structure mass (Spearman correlation, all values of p 1 0.1), and have similar values across the structures ( fig. 5 b) .
Relative Distribution of Mass and Cells
In the combined dataset, the relative mass of the Cx, expressed as the percentage of whole brain mass, increases significantly with increasing brain mass (Spearman fig. 6 c) . Thus, only for the RoB is the relative distribution of neurons among brain structures reflected in the relative distribution of brain mass.
Brain ! Body Scaling
In our previous study, we found that brain size increased as a linear function of body mass, or as a power function of this variable with an exponent of 1.017 across the 6 primate species then examined [Herculano-Houzel et al., 2007] . Addition of the Saimiri body mass, missing in the original report, decreases the exponent to 0.951 8 0.219 (p = 0.000), and further inclusion of humans to that dataset changes the exponent to 1.012 8 0.095 (p = 0.000). In contrast, for the present 5 species, we find that whole ( table 2 ) . When all non-human primates examined are combined, we find brain mass to vary as a function of body mass raised to an exponent of 0.805 8 0.094 (p = 0.000). Inclusion of humans in the combined dataset raises the exponent further to 0.903 8 0.082 (p = 0.000; fig. 7 ), which is little affected when phylogenetic relationships are accounted for (exponent 0.924, p = 0.000). Therefore, and in contrast to the relationship between brain mass and number of neurons, which is largely insensitive to the species compared, the power law that relates brain mass to body mass is highly sensitive to the particular species included in the comparison.
In line with the notion that body mass is more variable than brain mass for a given number of neurons in the brain of a species, we find that, in the combined dataset, brain mass is better correlated than body mass with the total number of neurons in the brain, N br (Spearman correlation coefficients, 1.000 and 0.900, respectively; p = 0.000). Using the power functions that relate body and brain mass to N br in the combined dataset (M br = 7.134 ! 10 -10 N br 1.130 and M bo = 3.088 ! 10 -8 N br 1.144 ; slopes after correcting for phylogenetic relatedness in the data- Relative size of the cerebral cortex and cerebellum does not reflect relative number of neurons in these structures. Each point represents the average relative mass or average relative number of neurons, compared to the whole brain, of the cerebral cortex (circles), cerebellum (squares) or RoB (triangles) of a species. Filled symbols = current dataset; unfilled symbols = previous datasets [Herculano-Houzel et al., 2007; Azevedo et al., 2009] . a Variations in relative mass (% of brain mass) of the cerebral cortex and RoB are significantly correlated to variations in the absolute mass of these structures. b The relative number of brain neurons (% brain neurons) in a structure is only significantly correlated with variations in structure mass in the RoB. c The relative number of brain neurons (% brain neurons) found in the cerebral cortex or cerebellum is not correlated with the relative mass of these structures; only the relative size of the RoB reflects significantly the relative number of neurons in the structure. Spearman correlation p values are indicated for each structure. Variation in brain mass and body mass across species. Each point represents the average brain and body mass of a primate species. Filled symbols = current dataset; unfilled circles = previous non-human dataset (Herculano-Houzel et al., 2007) ; cross = human data (Azevedo et al., 2009) . The plotted function, brain mass ϳ body mass 0.903 , applies to the entire dataset, but the slope of the power law that best fits the relationship is highly dependent on the species compared (see Results). dataset reveals that the remaining brain areas of primate brains may increase in size hypermetrically as they gain neurons, and with an exponent of around 1.4 that is closer to the exponent of 1.772 observed in rodents [Herculano-Houzel et al., 2006] . Although the mass of the RoB of insectivores, in contrast, seems to scale linearly with its numbers of neurons [Sarko et al., 2009] , the equations that describe this relationship are less clearly disset, 1.138 and 1.232, respectively; fig. 8 a, b) , a comparison of the normalized residuals of body mass and brain mass onto the total number of neurons in the brain shows larger residuals for body mass than brain mass ( fig. 9 ) , with significantly greater absolute values of normalized residuals for body mass than for brain mass (mean body mass residual, 0.511 8 0.156; mean brain mass residual, 0.127 8 0.032; Mann-Whitney test, p = 0.033).
Discussion
Our results demonstrate that while the scaling rules that apply to the brain-body relationship are dependent on the species of primates analyzed, the cellular scaling rules that apply to the brain alone are not: we find that the same rules apply to the brains of 2 different sets of primate species, as well as to humans and to the combined dataset. They are not affected by phylogenetic relationships among species (except for RoB), and therefore might be applicable to primates in general. In comparative studies of allometric relationships, it is important to ascertain that scaling exponents are not biased by phylogenetic relatedness in the dataset, for instance if a subset of the species investigated are closely related and thus skew the relationship. We confirm that the cellular composition of the human brain conforms to the expected for a generic primate brain of its size; and also confirm that, even when accounting for phylogenetic relatedness in the dataset, primate Cx and Cb increase in size linearly as they gain neurons, instead of hyperscaling as do the rodent Cx and Cb [Herculano-Houzel et al., 2006] , and maintain constant ratios between numbers of neurons and other cells, presumably mostly glia. In contrast, we find that accounting for phylogenetic relatedness in the cernible across primates, rodents and insectivores than the neuronal scaling rules that apply to the Cx and Cb. This raises the interesting possibility that the ensemble of brainstem, diencephalon and striatum, the evolutionarily oldest structures in the brain, share conserved neuronal scaling rules across the 3 mammalian orders, possibly related to conserved functions of these structures across mammals, while the more recent Cx and Cb have evolved different scaling rules in each order, possibly related, for instance, to environmental requirements and selective pressure that are particular to each group.
Brain to Body Size
We find that the exponent of the power law relating brain size to body size depends on the species compared, and can be as low as 0.788 and as high as 1.012. This suggests that there is no single universal brain-body relationship that applies to primates as a whole. Moreover, we show that when brain and body mass are regressed onto the number of neurons in the brain, the residuals of body size are systematically larger than the residuals of brain size. Since the final, adult brain size can be considered to result from the number of cells that is contains, these findings indicate that, while brain size is a tight function of its number of neurons, body size is only loosely correlated with the number of neurons in the brain. One reason that body size is neither determinant nor a good measure of the demands the body places on the brain is that the body grows considerably after brain growth is complete [Riska and Atchley, 1985] . Therefore, even though brain and body size are correlated across species, brain size is tightly related to the number of neurons in the brain but, depending on the magnitude of extended body growth in each species, body size may be only loosely correlated to the number of brain neurons. Body size, therefore, is not as good a predictor of the number of neurons in the primate brain as brain size is.
Additionally, many species of primates and other mammals are sexually dimorphic. If the body grows considerably after brain growth is largely complete, a high correlation between brain and body size would not be expected. In particular, the great apes are sexually dimorphic in body size, and studies of brain-body relations in primates that included great apes produced results that differ from those reported here, and suggested that the human brain is larger than expected from human body size [Marino, 1998] . We have yet to examine whether the primate cellular and brain-body scaling rules differ among male and female primates. However, we have argued that great apes such as gorillas and orangutans may be examples of primates with an enlarged body, rather than humans being a primate with an enlarged brain [Azevedo et al., 2009] . Such a discrepancy between brain and body growth in great apes would explain why the human brain has the number of neurons expected for a primate of its brain size, and even for its body size, when the scaling laws that apply to non-hominid primates in our sample are used. Thus, we propose that body mass no longer be used as or considered to be a good predictor of numbers of brain neurons across species. On the other hand, we show that brain (and brain structure) size may be used as a reliable predictor of total numbers of neurons once the neuronal scaling rules that apply to the pertinent mammalian order are known, such as in primates. For instance, estimated brain size of extinct hominin species may now be used to predict, with a high degree of confidence, the numbers of neurons that composed them.
